To explore the temporal relationship between these states, we documented the evolution of the system for Rochester, New York 14642 5 hr after the introduction of disks to motility chambers (Table S1 ). We found that a diffuse cloud of fluorescent actin surrounds all polystyrene disks within 10 min. Over Summary the next few hours, greater than 90% of the particles become motile as clouds transform into tails that push The extension of the plasma membrane during cell crawling or spreading is known to require actin polythe disks through extracts. (Table S1) . By analyzing particle motion using time-lapse microsfor actin-based pushing. By contrast, other theories, such as molecular ratchets [4, 5], neither require nor copy, we found that disks moving via face tails have higher average speeds than disks moving with perimeter consider surface curvature to explain pushing forces. Here, we critically test the requirement of substrate tails or ActA-coated versions of the microspheres used to make disks ( Figure 2B ). In the common configuration curvature by reconstituting actin-based motility on polystyrene disks. We find that disks move through where disks have two face tails, the tails are often positioned to push cooperatively ( Figure 2C) ; however, there extracts in a manner that indicates pushing forces on their flat surfaces and that disks typically move faster are also periods where the opposing tails compete and the particle speed is low (see Movie 1). than the spheres they are manufactured from. For a subset of actin tails that form on the perimeter of disks, To establish that actin polymerization can push against a flat surface, we present selected examples of we find no correlation between local surface curvature and tail position. Collectively the data indicate that motility in Figure 3 . Choosing particular examples is necessary because while it is possible to infer the net curvature-dependent mechanisms are not required for actin-based pushing. forces acting on a particle from its motion, there are many possible force distributions that can give the same net forces. Also complicating is the fact that because shown the assembly moves in a direction normal to the
face of one of the disks, most consistent with pushing on that face. During the first of these intervals ( Figure  3C , top row), a bright spot in upper tail moves backward in the image despite the forward motion of the assembly. This suggests that this tail is not sufficiently anchored to the environment to help push and further argues that the assembly is pushed by the lower tail in a direction normal to disk face it contacts.
A final example, provided as Supplemental Data (Figure S1 ; Movie 5), shows a clockwise rotation of a disk that suggests pushing along the flat portions of its perimeter. This occurs despite the fact that actin contacts both flat and curved spans of the perimeter. If pushing were confined to curved spans of the perimeter, the disk would rotate counterclockwise instead. A periodic pattern of fluorescence, described elsewhere as "hopping" [9] is apparent in Figure S1 . Hopping was occa- Our data on the behaviors of ActA-coated disks are most significant given a leading theory (elastic propul-( Figure 4C ). Thus the most reasonable interpretation of our data is that tails appear randomly on disk perimeters sion) suggesting curvature-dependent mechanisms for Here, we address the potential requirement of surface curvature by identifying specific examples of motility that strongly suggest pushing forces normal to flat surfaces (Figure 3) . Because individual particles (at their perimeters) or particle aggregates do have regions that are not flat, we cannot be sure that curvature-derived hoop stresses do not exist in these examples, only that they are an unlikely explanation for the motions shown. Indeed, in our examples ( Figures 3A and 3B) where particle rotation identifies pushing forces on flat faces, a curved surface replete with actin is found closest to the particle's center of rotation, suggesting some resistive forces may occur there. Similarly in experiments with deforming vesicles, actin intensity is brightest at the versus VCA-based motility and the use of extracts verThe fracture allows gel stresses to relax as the particle sus pure proteins, but they may also indicate that factors is squeezed out of a symmetrical actin cloud. Supporting other than curvature are important for determining partithese ideas are data showing that spherical particles cle speeds and for triggering the hopping phenomenon. of smaller diameter (higher curvature) break symmetry Others have shown that a wide range of ActA surface faster than larger spheres [10] , presumably because density appears to have minor effects on particle speeds they achieve critical stresses more quickly. By these in extracts [8, 14] , but other physical parameters such arguments, when gels are grown on particles with both as the particle's surface area, the tail's size or density, curved and flat surfaces, they should fracture on curved and the nature of the interactions of the particle with surfaces and relax to flat surfaces to minimize stresses. the walls of the motility chamber may all be important Such a mechanism could explain why tails are typically influences. positioned on the flat faces of disks. However, when we To be clear, elasticity theories do not preclude pushexamine the position of tails on perimeters with mixed ing against a flat surface, but they offer no mechancurvatures, we instead find that tail location is indepenism for pushing in this limit. Only in the presence of dent of local curvature (Figure 4) . curvature do the existing theories explain that antagoElastic propulsion theory also explains how a process nistic stresses will build across the dimensions of the gel of stress build-up, squeezing, slipping/relaxation can to give motion (elastic propulsion). Elastic, antagonistic stresses also occur in molecular ratchet theories [4, 5], continue after symmetry breaking to give sustained mo-but these are on a molecular scale and carried by the filaments touching the motile surface. One unifying idea is that molecular ratchets may provide the molecular origins of gel stresses for elastic propulsion at high curvature. However, ratchet theories are also compatible with the assumption that leading filaments are anchored to a perfectly rigid tail [4, 5], and ratchets need not be the molecular origins for stresses in elastic propulsion. Thus while elastic propulsion and molecular ratchets are compatible, they are also distinguishable and must be tested separately. Our work with motile disks does not challenge the existence of elastic propulsion. It does support the existence of molecular ratchets, but only because they provide viable mechanisms for pushing on a flat surface. Identifying such mechanisms is important because a network advancing a lamellipodium is pushing against a concave (or locally flat) front. If actin-based pushing in reconstituted systems resembles that at the leading edge of cells, then the common mechanism should not require substrate curvature.
Supplemental Data
Supplemental materials contain additional methodological detail, tabulated data on the evolution of disk configurations, movie versions of the time-lapse sequences in Figures 2C and 3 (Movies 1-4) , two movies of disks pushed by perimeter tails (Movies 5 and 6), and one supplemental figure. The Supplemental Data is available at http://www.current-biology.com/cgi/content/full/14/12/1094/DC1/.
